A computerized pulsed-ultrasound system was used to monitor tongue dorsum movements during the production of consonant-vowel sequences in which speech rate, vowel, and consonant were varied. The kinematics of tongue movement were analyzed by measuring the lowering gesture of the tongue to give estimates of movement amplitude, duration, and maximum velocity. All three subjects in the study showed reliable correlations between the amplitude of the tongue doraurn movement and its maximum velocity. Further, the ratio of the maximum velocity to the extent of the gesture, a kinematic indicator of articulator stiffness, was found to vary inversely with the duration ofthe movement. This relationship held both within individual conditions and across all conditions in the study such that a single function was able to accommodate a large proportion of the variance due to changes in movement duration. As similar findings have been obtained both for abduction and adduetion gestures of the vocal folds and for rapid voluntary limb movements, the data suggest that a wide range of changes in the duration of individual movements might all have a similar origin. The control of movement rate and duration through the specification of biomechanical characteristics of speech articulators is discussed.
INTRODUCTION
A central problem in the study of motor control is the identification of the variables that are controlled by the nervous system to affect changes in the position of the limbs and other articulators (see Stein, 1982 , for review). As movements differ greatly in their superficial complexity, an important aspect of this problem is whether a single set of principles is sufficient to account for the control of motor activities as diverse as single joint limb movements and speech (see Abbs, 1982 The investigation involved the examination of changes in speech movement duration under conditions of rate, vowel, and consonant manipulation; movement duration was examined in this study as there is uncertainty as to whether the kinematic and physiological characteristics of durational change are co. mparable in speech and limb movements.
Should similarities be observed in the kinematics of durariohal change in speech and limb movements it would suggest that both kinds of movement are controlled by the nervous system in similar ways. On the other hand, should the kinematic patterns for speech and limb movements differ, it could indicate that either the functional unit of control or the basis of control itself might differ in the movements of the speech articulators and the limbs.
Changes in movement rate, and, consequently, duration, have been shown to affect the dynamic characteristics of limb movements as well as their timing and interval durations. In rapid movements about the elbow, where both the amplitude and the velocity of the movement are free to vary, increases in rate are characterized both by deereases in movement amplitude and by increases in the dynamic stiffness of the limb (Cooke, 1982; Feldman, 1980b) . In speech, on the other hand, there are suggestions that both the kinematics and the activity in muscles change in complex ways with differences in rate (Gay, 1981; Kuehn and Moll, 1976) . For example, with increases in speaking rate, there have been reports of reduction in articulator movement amplitude with velocity unchanged (Kent and Moll, 1972) or increased (Gay, 1981) , increases in peak velocity with amplitude unchanged {Abbs, 1973), and reductions in both amplitude and velocity (Kent and Moll, 1972) . Further, while Tuller et al. (1982) have provided evidence for the preservation of the relative timing of average interval durations with rate changes in speech (as is the case in limb movements), Gay (1981) has shown that vowel and consonant reiated EMG activity change in different ways with variations in speech rate. Thus a consistent pattern has yet to emerge in the kinematic and physiological characteristics of rate control in speech.
In spite of apparent differences between speech and limb movements there are, as well, kinematic similarities which bear on the present examination ofdurational control. In both, there appear to be systematic changes in the slope of the relationship between maximum velocity and movement amplitude, a kinematic indicator of articulator stiffness (see below), with differences in movement rate and duration. In rapid elbow movements in humans, Cooke (1980) has shown that increases in rate result in increases in the slope of the maximum-velocity/movement amplitude relationship (with maximum velocity presented as a function of amplitude). In speech, increases in rate may likewise result in increases the slope of the maximum-velocity/amplitude relationship (Ostry et aL, 1983 ) though the magnitude of the effect does not appear to be as great as in the case of limb movements. The slope ditferenees between speech and limb movements may be due to the magnitude of the durational etfeet brought about by the rate manipulation. A useful way to look at this is to consider the slope changes in speech that result from the manipulation of both rate and stress. Ostry et al. (1983} reported that increases in speech rate resulted in an average decrease in gesture duration of 26% and only a slight increase in the slope of the maximum-velocity/movement amplitude regression. In contrast, with differences in stress, slope changes followed a pattern more similar to those observed in limb movements, with the slope of the maximum-velocity/movement amplitude regression being reliably greater for unstressed than for stressed vowels. In this case, an average reduction in movement duration of 58% was observed with decreases in stress. Thus it may be the case that changes in the slope of the maximum-velocity/ movement amplitude regression are related primarily to differences in movement duration rather than to factors confounded with duration, such as movement amplitude or linguistic stress (of. Ostry et al., 1983}. Consistent with this view is a recent demonstration by Ostry and Cooke (in press} that when movement rate and amplitude are varied orthogonally in rapid elbow movements, it is the differences in the duration of the movement, not its amplitude, that produce the observed changes in the slope.
The slope changes associated with differences in movement rate and duration may be indicative of a similar basis for speech and limb control. Cooke { 1980} has suggested that changes in the slope of the maximum-velocity/movement amplitude relationship can be interpreted with respect to the control of parameters of the biomechanical model of the limb. In this model, the position of the limb (x} over time It } is described by the equation Md 2X + dx at 2 + where M, b, and k are specifiable parameters of mass, viscosity, and stiffness, and F indicates the force applied to the system. Cooke demonstrated that in rapid movements about the elbow, changes in the maximum-velocity/amplitude slope could be predicted on the basis of the stiffness parameter k, where increases in stiffness produced corresponding increases in the slope of the maximum-velocity/movement amplitude function. In this model, stiffness remains effectively constant for a given gesture but is specifiable by the nervous system and can therefore be altered between gestures to produce the desired kinematic effects. Thus, to the extent that the kinematic phenomena of speech control parallel in detail the phenomena in limb movements, increases in this slope may be related to underlying changes in the stiffness of either the limb or the speech articulator.
In the examples described here, the slope of the relationship between maximum velocity and movement amplitude has been found to vary with changes in rate in limb movements and possibly also in speech. The present study attempts to systematically evaluate this relationship in speech with the aid of pulsed ultrasound measurements of tongue dotsum movement. As changes in the duration of speech movements can be produced both by the manipulation of rate and by the selection of stimuli whose intrinsic movement durations differ, we have examined the effects of both factors on speech movement durations. This has been achieved through the manipulation of speech rate and back vowel height. sequence was repeated continuously during a recording trial. Subjects were able to produce about three tokens per trial at the slow rate and as many as eight or n•ne tokens per trial at the fast rate. The order of testing was randomi7ed with respect to vowel, consonant, and rate. Back vowels and velar consonants were used in this study because of the ease of ultrasound recording in the back cavity.
E. Procedure
The transducer was positioned and the placement was verified in the manner described in the previous sections. The subjects were tested in blocks of 12 trials with each of the stimulus combinations formed by the 3 vowels X 2 consonants X 2 rates tested once in each block. In total, nine blocks of 12 trials were recorded for each subject. An additional three blocks of six trials (3 vowels X 2 consonants) were obtained in the slow condition only. The purpose of this procedure was to ensure that in total there were an equal number of fast and slow tokens. The testing was divided into two , sessions. After the initial placement of the transducer at the beginning of the session, all trials were recorded without changing its position.
In scoring the data, tokens were rejected if either oral release or voice onset was not clearly distinguishable in the acoustic record or if multiple peaks in the position record made it difficult to identify either the poiut of initiation or termination of a gesture. The data rejection rate tended to be higher in the slow condition than in the fast condition but was otherwise unaffected by differences in vov 
II. RESULTS
The pattern of tongue dorsum movements observed in this study is shown in Fig. 2 of the tongue lowering gesture for all subjects (p <0.001). But, as reported elsewhere (e.g., Kuehn and Moll, 1976) , the average rate changes were produced differently by the different subjects. Subjects SG and AD reduced average tongue dotsum movement amplitude in the fast condition (p < 0.01 }, whereas movement amplitudes were comparable at both rates for subject CB. Amplitude effects were accompanied by an increase in average maximum velocity for subject CB (p <0.01} and no change in maximum velocity for subjects SO and AD (p > 0.05}. There were also systematic differences in the kinematic patterns for the voiced and voiceless stop consonant; however, these differed for the three subjects and did not appear to be related in any consistent way to whether the subjects were native French or English speakers (see Table I ). There were, as well, a number of interactions as a function of the vowel, consonant, and rate variables. However, no consistent patterns were observed across subjects. 
TAB LE I. Average duration ( T ), me vement amplitude or displacemen t (D), and maximum velocity { I,'• ) of tongue dotsum gestures as a function of speech rate and lmck vowel height. Probabih'ty values indicating the reliability of the various main effects are shown to the right of the respective consonant, vowel,

B. Maximum velo•ity-movement amplitude relationship
All subjects showed reliable correlations between the tongue dersum movement amplitude and its maximum velocity; ten of 12 within condition tests (3 vowels X 2 consonants X 2 rates) of this relationship were. reliable at p < 0. 
C. Relationship between duration, maximum velocity, and amplitude
The relationship between maximum velocity and movement amplitude was examined as a function of the duration of the gesture. The aim was to assess changes in the slope of the maximum-velocity/movement amplitude relationship, and, hence, articulator stiffness, with differences in the duration of the movement. Tests were conducted for each condition separately and also across all observations for a given subject. The analyses were based on the measurement of individual tokens to obtain both a ratio measure (/,',•/D ) and a duration measure (T). This ratio is a point estimator of the maximum velocity/movement amplitude slope and thus a point estimate of stiffness. For each token, the ratio of maximum velocity to movement amplitude was plotted as a function of the duration of the corresponding gesture. Figure 6 shows scattergrams of this relationship for the 2 rate by 3 vowel height combinations for each of the three subjects.
For all subjects, the ratio of maximum velocity to tongue dersum amplitude varied systematically with the duration of the gesture; as the gesture duration increased, the ratio decreased. On a within condition basis eight of 12 tests of this relationship (3 vowels X 2 consonants X 2 rates) were reliable atp < 0.01 for SG, ten of 12 for AD, and 11 of 12 for CB. The proportion of variance accounted for by these within condition relationships averaged 0.44, 0.42, and 0.57 for Note that this trial by trial analysis suggests that stiffness changes continuously with movement duration; it does not appear to be set at a constant value for a given equivalence class of movements. Ostry et al. (1983) assessed the slope of the maximum-velocity/movement amplitude relationship within a given condition and thus, in effect, were taking average values for stiffness rather than assessing the stiffness of the articulator for individual ,gestures as is the case here.
In models of movement control of the general form of 
IlL DISCUSSION
The kinematics of tongue dorsum lowering movements were assessed under conditions of rate, vowel, and consonant manipulation. Within individual conditions, the extent of the tongue lowering gesture was positively related to the corresponding maximum velocity. Across conditions, the relationship appeared to be nonlinear for two of the subjects with the slope decreasing with increases in tongue dorsum displacement. In a further analysis, the.ratio of maximum velocity to movement amplitude was examined as a function of the duration of the gesture. Overall, the ratio was found to increase with decreases in movement duration. This relationship held both within and across conditions. In this analysis, the two speech rates occupied different regions of the overall function. Fast speech rates tended to be characterized by larger ratios, whereas slow speech rates were charac- The data relating the maximum-velocity/movement amplitude ratio to the rate and duration of tongue lowering gestures can be modeled in terms of changes produced by the nervous system in the biomechanical characteristics of the speech articulator. Specifically, increases in the ratio with decreases in movement duration could be produced by a second-order system in which stiffness (the coefficient of the zero-order term) is increased to affect the kinematic changes (see Cooke, 1980; Nelson, 1983) .
The idea that voluntary movements are produced, at least in part, by the control of biomechanical characteristics of the movement articulator is consistent with the sow. alled mass-spring model of motor control. The essence of this model is that muscles acting antagonistically are controlled so as to exhibit many of the characteristics of a damped spring with an inertial load. In such a system, the end point and the duration of the movement are determined by the specification of one or more of the spring constant [the parameter k in Eq. (1)], the viscosity [b in Eq. (t)], and the zero length or resting length of the spring. In the context of this model, Cooke (1980) has suggested that movements are produced by changes in stiffness rather than zero length. However, Feldman (1980a, b) has shown that in the lumped model of the limb changes in overall stiffness can be produced by setting the zero lengths of agonist and antagonist muscles without controlling the individual muscle stiffnesses.
A point that should be emphasized is that, in the model proposed here, duration per se is not represented in the nervous system. Rather, durational change is brought about indirectly through the specification of biomechanical parameters of articulators. Although the issue of whether the nervous system has an explicit temporal representation may be of little consequence at the behavior level, (where it appears appropriate to say that duration is the controlled variable), the form of models of the motor system is greatly affected by the presence or absence of a temporal variable (see TuLler and Kelso, in press, for a discussion of this issue).
In contrast to the systematic relationship observed between the maximum-velocity/movement amplitude ratio and the duration of the speech gesture, we noted that changes in speech rate, as measured by average displacement and average maximum velocity, were produced differently by the three subjects in the study (also see Abbs, 1973; Gay, 1981; Kent and Moll, 1972; Kuehn and Moll, 1976) . Subjects SG and AD reduced average displacement in the fast speech condition, whereas CB showed no change. However, CB reliably increased average maximum velocity at fast speech rates ,whereas SG and AD showed no change. The apparent lack of consistency observed across subjects may be the resuit of monitoring the individual components (amplitude and maximum velocity) of a variable such as stiffness, whose values are not directly reflected in either the amplitude or the maximum velocity alone. While the average maximum velocities appear to have no consistent pattern across subjects with changes in rate, an orderly pattern is shown to be present when velocities are examined in the context of amplitude and movement duration.
Durational changes in speech production have been reported for manipulations of rate, stress, and phonetic context. These changes appear in both the acoustical intervals, which were not studied here, and in the duration of the movements. The relationship between movement durations and acoustical durations under the conditions of this study is somewhat uncertain as the articulatory period and the acoustical period presumably differ in duration (Bell-Berti and Harris, 1981). Furthermore, as changes in acoustical durations may involve inter-articulator patterns rather than the intra-articulator pattern studied here there may not be any systematic relationship between the acoustical and articulatory measures of duration.
